Abstract: Calibers 7.62 × 39 mm and 5.56 × 45 mm are the two famous automatic rifle calibers used worldwide by infantry soldiers. Several years ago, most of European and American countries already changed from 7.62 × 39 mm to 5.56 × 45 mm, while other countries still using caliber, 7.62 × 39 mm and refusing the change. To optimize the advantages of both calibers, a new automatic rifle caliber 6.8 × 43 mm emerges. The purpose of this study is to perform a ballistic comparative study of the three mentioned calibers. Interior ballistic calculations were performed using modified Charbonnier semiempirical model to estimate the weapon interior ballistic parameters. While, the main task of exterior ballistics (i.e., projectile trajectory parameters and energy dissipation during projectile flight at different firing angles) was performed using point-mass two-degree-offreedom trajectory model. It was found that the value of maximum pressure of gases inside the rifles barrel were almost the same, while three different muzzle energies were obtained. They are 2.45 kJ for 6.8 × 43 mm, 2.1 kJ for 7.62 × 39 mm, and 1.55 kJ for 5.56 × 45 mm. The highest energy dissipation along the trajectory was found with 6.8 × 43 mm projectile. The lowest one was found with 5.56 × 45 mm projectile all over the range of angles of fire.
Introduction
Solution of the direct task of interior ballistics is to estimate the ballistic parameters of a weapon through the solution of a proper mathematical model of its firing process. Among these parameters are the gas pressure and temperature histories, and projectile velocity down the barrel. This task is usually accomplished during the process of designing a new weapon, improving the performance of an existing one, and/or solving problems with weapons and ammunition in service. Numerous interior ballistic models have been developed for classical guns, which can generally be classified into empirical, semi-empirical and analytical ones [1] [2] [3] [4] [5] [6] [7] . The empirical models are normally obtained by fitting arbitrarily proposed equations including weapon characteristics to firing test data. They are used for rough estimation of the ballistic parameters of a weapon. The semi-empirical models represent the dynamics of the weapon firing process by two classes of equations. The first class models the physical reality of the process, and includes the equation of projectile motion, mass and energy conservation equations. The second class of equations is empirical formulation of propellant rate of burning, energy losses, projectile frictional losses and gradients down the barrel. The semi-empirical models neglect the fluid dynamics aspects of the problem, and the combustion chamber is treated as well-stirred so that it may be characterized by a lumped * Egyptian Armed Forces.
parameter formulation. Through a proper choice of empirical equations, they can provide excellent predictions of the ballistic parameters of classical weapons [2, 3] . Analytical models simulate the ignition and flame spreading in the packed propellant bed. The fluid dynamics aspects of the two-phase-reacting flow down the barrel tube are completely introduced [7] . One of the well-established semi-empirical models is Charbonnier's [1] . The model was subsequently modified by considering the propellant grain relative burnt out thickness to be the independent parameter during the burning period of propellant [8] . As such, the model was considerably simplified and is, therefore, used herein. The point-mass two-dimensional projectile trajectory model was applied to predict the trajectory parameters for the three aforementioned projectile calibers. The necessary variation of aerodynamic total drag coefficients, versus Mach number were predicted using Siacci empirical model [9] . In such model, the drag-Mach number functional relation for a given projectile shape is considered to have the same form of the chosen law of air resistance for a model projectile differs by a constant multiplier called the projectile shape coefficient. Such model is used in this work because of its availability, simplicity and practicability, in addition to the acceptable results it provide.
Interior Ballistic Model
The modified Charbonnier model is centered on a Lagrangian frame of reference. A number of simplifying assumptions were introduced in formulating the model [2, 4] , which considerably reduce computational time. They do not enable, however, the prediction of internal phenomena, such as the ignition process and gas pressure oscillations.
The model consists of the following equations: (i) Equation of burning of propellant, (ii) Equation of projectile motion inside the barrel, (iii) Equation of energy conservation, (iv)
Equation of state of propellant gas mixture, in addition to two kinematical equations. The weapon firing process is divided into three intervals: (1) Ignition and burning under constant volume conditions, (2) Burning with volume change, and (3) Gas expansion. The first interval is basically solved by applying the Nobel-Abel equation of state. In the second interval, the aforementioned equations can be combined to yield analytical expressions for velocity, pressure, and temperature as well as ordinary differential equations for projectile travel and duration. For completing the solution until the projectile leaves the barrel muzzle, adiabatic expansion of propellant gas is assumed. Complete set of the model equations is available in Refs. [2, 8] .
Exterior Ballistic Model
A point-mass two-degree-of-freedom projectile trajectory model is chosen for the present study [10] . The basic assumptions of this model are: (a) the projectile motion is limited to the x-y plane; the gravitational force Q  and the aerodynamic drag R  are the only forces acting on the projectile during its flight in air. (b) The projectile mechanical axis coincides with the trajectory tangent at the projectile center of gravity, and the aerodynamic drag acts in the same direction, but opposite to the projectile motion. (c) The gravitational acceleration is considered to be constant in magnitude and direction, and normal atmospheric conditions are considered. The system of differential equations represents the projectile trajectory parameters can be solved numerically employing any numerical integration scheme such as the second-order Runge-Kutta scheme. The change of atmospheric elements (e.g. specific mass of air  ∞ , atmospheric pressure p ∞ and air temperature T ∞ ) is given as function of height y in Ref. [11] .
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Results and Discussions
Interior and exterior ballistic input data for the three calibers (i.e. 7.62 × 39 mm, 6.8 × 43 mm, and 5.56 × 45 mm) are listed in Table 1 , in which projectile mass, initial combustion volumes, propellant characteristics, and projectile shape coefficient are indicated. The obtained results of gas pressure inside the weapon barrel are illustrated in Figs. 1 and 2 . The values of gas pressure, projectile velocity, projectile travel and corresponding time of projectile motion at the point of maximum pressure and at the muzzle section are listed in Table 2 .
Fig. 1 Gas pressure vs. projectile travel for the three calibers.
Paper: ASAT-14-172-AF The above results indicates that caliber 7.62×39 mm needs lower specific kinetic energy and specific impulse from the used propellant to get its maximum energy at the muzzle compared with the calibers 5.56×45 mm and 6.8×43 mm. This means lower barrel thickness and hence less barrel and weapon relative weights. According to published date, the expected muzzle energy of the new automatic rifle caliber 6.8×43 mm is about 2.45 kJ. In order to reach such muzzle energy using the other two calibers, the barrel length should be increased by nearly 15 cm (see Fig. 1 ).
The maximum pressure of the two calibers 7.62×39 mm and 6.8×43 mm are much closed, this means the two barrels thickness are nearly the same, but the new expected caliber, 6.8×43 mm has a longer barrel length. The muzzle pressures of the same two calibers are also the same, this means low efficient and dimension muzzle adaptor is needed for these two weapons compared by the third caliber 5.56×45 mm. The masses of the two bullets of calibers 7.62×39 mm and 6.8×43 mm enables the designers to get more powerful cartridges than that of the 5.56×45 mm caliber, where the masses of the bullets are 7.8, 7.45 and 3.9 grams respectively. In order to study the exterior ballistic behaviors of the three calibers, three firing angles are selected. They are 0.1, 0.3 and 0.5 degrees. Figure 3 illustrates the projectile trajectories for the three calibers at the chosen angles of fire. It is clear that the two calibers 6.8×43 mm and 5.56×45 mm reaches nearly the same range at the same angle of fire, this is due to longer length of the barrel caliber 6.8×43 mm, and higher muzzle velocity of caliber 5.56×45 mm. Caliber 7.62×39 mm reach less distance for the same angle of fire, that is because of the bullet mass and the value of the muzzle velocity.
From Fig. 3 , it is noticed that the trajectory maximum height at different angles of fire for projectile caliber 6.8×43 mm is always less than those for the projectile caliber 5.56×45 mm and higher than for the projectile caliber 7.62×39 mm. This is due to the fact that the projectile mass of caliber 7.62×39 mm is heavier than that of calibers 6.8×43 mm and 5.56×45 mm. On other hand, caliber 7.62×39 mm can reach the same distance by proper adjusting the sight mechanism of such weapon. Actually the more important factors are the projectile muzzle energy, the energy dissipation along the trajectory at different firing angles and the kinetic energy of bullets at maximum distance. Figure 4 , shows that the muzzle kinetic energies of caliber 6.8×43 mm are always higher than the values of kinetic energies of calibers 5.56×45 mm and 7.62×39 mm. This is due to its mass and value of muzzle velocity (nowadays demands). In the same time caliber 7.62×39 mm still has higher kinetic energy than the caliber 5.56×45 mm.
For further investigation of velocities and kinetic energies values along longer ranges, the velocity and energy drop along the trajectory at 5 degrees angle of fire for the three calibers are plotted in Figs. 5 and 6. It can be seen in Fig. 5 that the three caliber projectile velocities are converging to the velocity value at about 1000m range. Before such distance, projectile caliber 5.56 × 45 mm has the highest value, while projectile caliber 7.62 × 39 mm has the lowest value. Figure 6 presents the kinetic energies of the three calibers. It is shown that the kinetic energy of the 6.8 × 43 mm caliber are always higher than that of the 5.56 × 45 mm and 7.62 × 39 mm calibers all over the trajectory, which means that the power of the projectile caliber 6.8 × 43 mm is always higher than the of power of the projectile calibers 5.56 × 45mm and 7.62 × 39 mm. 
Conclusions
The interior and exterior ballistic main tasks are solved by using the modified Charbonnier's model and two-degree-of-freedom (point mass) trajectory model consequently to present a comparative study between the most famous infantry weapons calibers (7.62 × 39 mm, 5.56 × 45 mm and 6.8 × 43 mm) . The study highlighted the new direction towards the changes in the infantry armament. It is basically increasing the out energy of new generation weapons, this means, a new generation in body armors are going to rise near future for protection against the ammunition of the new generation. The caliber 7.62 × 39 mm can still play a reasonable rule, but with some changes, since the difference in its output energy is about 14% less than the new caliber 6.8 × 43 mm. While the caliber 5.56 × 45 mm has about 37% difference in energy than the caliber 6.8 × 43 mm. As a future development for the caliber 7.62×39 mm, it is necessary to calculate its performance, and make some modification on its ammunition to compensate the 14% kinetic energy difference.
